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Abstract: The glass-forming ability of binary Ge,Te,,
(x=15,20, 30) alloys was investigated. The crystallization mechanism of
these amorphous bulks was studied by X-ray diffraction (XRD), scanning electron microscopy (SEM) and differential scanning calorimetry (DSC). The temperature of glass transition, the temperature of crystallization, the activation energy for glass transition and
crystallization, and the order of the crystallization mechanism were calculated from the different heating-rates.
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1. Introduction

2. Experimental

Ge-chalcogenide glasses have attracted a great deal
of attention because of their interesting physical properties such as electrical, optical properties and threshold and memory switching, and hence their technical
importance in various solid state devices [I-41. The
crystallization kinetics of the glasses is important to
determine the glass forming ability (GFA), transport
mechanism, and thermal stability.

The Ge,Te,,
(x=15, 20, 30) chalcogenide glasses
were prepared by the well-established quenching
technique. High-purity (99.999% pure) Ge and Te
were weighted according to their atomic percentage
and sealed in quartz glass tubes under a high vacuum.
The tubes were kept in a furnace and heated up to
1173 K at a rate of 3 K.min-’. After that, the melt were
kept at 1173 K for 24 h. The tubes were agitated frequently to make the melt homogeneous during the
melting process. The melt was then rapidly quenched
in liquid nitrogen to obtain the glass.

To study the crystallization for the investigated
chalcogenide glass, different techniques have been
used, for example, scanning electron microscopy
(SEM), X-ray diffraction (XRD), differential thermal
analysis (DTA) and differential scanning calorimetry
(DSC) [5-81. Most of these methods are intent to obtain the glass transition temperature, the crystallization
temperature, the activation energy for the glass transition, the activation energy for crystallization, the order
of the crystallization mechanism, and so on.

In the present work, the crystallization kinetics and
the activation energies for the GexTelocr,(x=15,20, 30)
glasses under non-isothermal conditions were evaluated by DSC. The structure of the glasses was investigated by the XRD and SEM, and some aspects of the
crystallization mechanism were discussed using Kolmogorov-Johnson-Mehl-Avrami (KJMA) theoretical
model [9-111.
Correspondingauthor: Tiejun Zhu, E-mail: zhutj@zju-edu.cn

The thermal properties of the obtained bulk glasses
were investigated in a dry nitrogen atmosphere using a
TA Q l O O differential scanning calorimeter (T.A. instrument, USA). The accuracy of the heat flow measurements is about 0.01 mW and the temperature precision as determined by the microprocessor of the thermal analyzer is about 0.5 K. The heating rates were
selected from 5 to 30 K.min-’.
The amorphous nature and purity of the prepared
materials was analyzed by XRD using a RigakuDMAX-2550PC diffractometer with Cu-K, radiation
(k0.15406 nm). The morphology of the as-prepared
glasses and the annealed samples was observed on a
FEI Sirion 200 field emission scanning electron microscope (FE-SEM) equipped with an energy dispersive X-ray spectroscopy (EDS).
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3. Results and discussion

In

3.1. Crystallization kinetics
The DSC thermograms were detected at different
heating rates, a, for the GexTelw,(x=15, 20, 30) chalcogenide glasses. A typical DSC scan at a heating rate
of 10 K.min-' for the as-prepared glasses is shown in
Fig. 1. It is seen from the figure that the glasses undergo a single glass transition at Tg.The DSC curves
of the Ge,,Te,s and Ge,,Te,, glasses show two exothermal maxima at T,, and Tcz.respectively, while that
of the GezoTe80 glass exhibits one exothermal maximum at Tc=501.8 K. The crystallization peaks and
temperatures for these samples are tagged in Fig. 1.
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The activation energy of the glass transition, Egr
and crystallization, E,, was calculated by Kissinger' s
formula [5],
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were fitted by straight lines shown in Fig. 2. The
values of Eg and E, deduced by Eq. (1) were shown in
Table 1.
The order of the crystallization mechanism is important for the crystallization process. Matusita et al.
[12] suggested a method specifically for nonisothermal experiments to calculate the volume fraction of crystallites
which precipitated in a glass
heated at a constant heating rate, a,is related to the
activation energy for crystallization E, as
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where n is the Avrami exponent, which is a numerical
factor depending on the nucleation and growth processes, m is an integer that depends on the dimensionality of the crystal, and R is the gas constant. The value of n is obtained from the slope of the plot of
In[-ln( l-x)] against lna, as shown in Fig. 3. The value
of m is taken to be n-1 for no prior heat treatment was
given to the samples before the thermal analysis [13141. The values of n are equal to 3.36, 2.65, and 2.71
for the Gel,TeB5,GezoTe80, and Ge3,Te7, glasses, respectively. From the value of n the crystallization
mechanism of the glass is concluded to be threedimensional growth [15].

.
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where E, is the activation energy for the glass
transformation (E,) or crystalliztion (EJ, R is the gas
constant, and a is the heating rate. The plots of
In( T;/a) against l/Tg and the In( T:/a) against l/Tc
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Fig. 2. In( T," /a)versus lOOO/T, (a), In( T,' la) versus lOOO/T, (b) for the amorphous Ge,Te,, glasses.

The difference between Tc and Tgis an indication of
the thermal stability of glasses [3]. The thermal stability can be obtained by the Hrubys parameter Kgl given
by [13,161
Tc -Tg
K,, =--Tnl -T,

(3)

The values for the different compositions vary from
0.402 to 0.180 with increasing Ge content. The variation of Kglis shown in Fig. 4.It is noted that the Ge-Te
binary alloys with the lower Ge contents are easier to
form glass than with the higher contents.
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Table 1. Kinetic parameters of the Ge,Te,, glasses deduced from Kissinger’s plots
Material
Ge,,Te,,
GezoTe*o
Ge,oTe,o

4-

-

--A-

E, / (kJ.mol-’)
670.8
433.2
583.3

E,, / (kJ.mol-’)
270.5

Ecz / (kJ.mol-’)

209.1

-

-

-

132.0

261.7

E, / (W.mol-I)

331.6

and “c” are the crystalline phases, which were determined by EDS to be GeTe and Te, respectively.
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Fig. 5. XRD patterns of Ge,,Te, glass: (a) as-prepared; (b)
annealed at 410 K for 30 min; (c) annealed at 490 K for 30
min.
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Fig. 4. Variation of Kg,with Ge content.

3.2.XRDand SEM
To identify the crystallized phase, the as-prepared
glassy samples were annealed at Tg and T,. The XRD
of the annealed samples is shown in Fig. 5. Fig. 5(a)
confirms the glassy nature of the as-prepared GeISTe,,,
Two crystalline phases in the annealed samples are
shown in Figs. 5(b) and 5(c), which are Te and GeTe
phases by comparing these peaks with the standard
diffraction cards. These results indicated that the
peaks observed in the DSC curve are associated with
the crystallization of Te and GeTe phases. The same
results were also found in the Ge20TeE0
and Ge30Te70
glasses.
Fig. 6 shows the SEM micrograph of the annealed
Ge30Te70bulk. It can be found that the structural transformation took place in the annealed sample. “a” in
Fig. 6 represents the matrix amorphous bulk, and “b”

Fig. 6. SEM image of the amorphous matrix of Ge,Te,,
(a), the crystalline GeTe phase (b) and Te phase (c).

4. Conclusions
The glass transition behavior and crystallization kinetics parameters such as the glass transition temperature, the crystallization temperature, the activation
energy for the glass transition, the activation energy
for crystallization and the order of the crystallization
mechanism have been determined from DSC scans at
different heating rates and XRD for three Ge,Te,,
(x=15, 20, 30) amorphous alloys. There are two crystallization processes in the Ge,,Te,, and Ge30Te,oand
one crystallization process in the Ge,OTe,O.According
to the Avrami exponent, the crystallization mechanism
of the GeTe glasses is interpreted as a threedimensional growth. The XRD analysis reveals that
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the crystalline phases are Te and GeTe phases, which
can be testified from the SEM and EDS of the glasses.
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